Accurate estimation of green aboveground biomass in arid and semiarid grassland is essential for a variety of studies, such as sustainable grassland management, fire risk assessment, climate change, and environmental degradation. A great need exists for the establishment of robust method for estimating green aboveground biomass in arid and semiarid grassland due to the influences of soil background and litter. In the study, a new index (litter-soil-adjusted vegetation index, L-SAVI) was proposed to estimate green aboveground biomass in arid and semiarid grassland. The L-SAVI was also evaluated based on biomass and spectra in situ measurements in the desert steppe of Inner Mongolia. Results showed that, the performance of the new index was better than that of NDVI (normalized difference vegetation index), SAVI (soil-adjusted vegetation index), MSAVI (modified soil-adjusted vegetation index), OSAVI (optimised soil-adjusted vegetation index), TSAVI (transformed soil-adjusted vegetation index), ATSAVI (adjusted transformed soil-adjusted vegetation index), PVI (perpendicular vegetation index), GSAVI (green-adjusted vegetation index), and L-ATSAVI (litter-corrected ATSAVI) in our study site. The logic behind the L-SAVI was to enable the SAVI to be less sensitive to litter by incorporating the CAI (cellulose absorption index) in the SAVI. In conclusion, the L-SAVI is a suitable predictor for complementing existing vegetation indices on green aboveground biomass estimation in arid and semiarid grassland.
Introduction
Grassland is one of the most widespread ecosystem types, and accurate estimation of grassland green aboveground biomass is increasingly needed to reduce uncertainty of this terrestrial carbon sink [Scurlock and Hall, 1998; Scurlock et al., 2002] , especially in arid and semiarid areas [Cui et al., 2011; Fang et al., 2010; Eisfelder et al., 2012] . Green aboveground biomass is also a key ecological variable in arid and semiarid grassland [Eisfelder et al., 2012] , and influences important environmental processes, such as soil erosion, environmental degradation, and desertification [Verstraete, 1986; Eswaran et al., 2001; Hirata et al., 2001; Moleele et al., 2001; Mulligan, 2009] . Therefore, a great need exists for the establishment of robust and transferable methods for green aboveground biomass estimation in arid and semiarid grassland. Traditional methods of aboveground green biomass estimation based on destructive sampling are expensive, timeconsuming, and feasible only to small-scale biomass survey. Remote sensing techniques offer an effective solution for accurately estimating green aboveground biomass in grassland [Schino et al., 2003; Liu et al., 2004; Elsfelder et al., 2012] . Vegetation indices calculated from red and near-infrared (NIR) bands are good indicators of vegetation photosynthetic activity [Myneni and Los, 1995; Liu et al., 2013; Marino and Alvino, 2014] , and are well correlated to green aboveground biomass in grassland [Schino et al., 2003; Ren et al., 2011] . The well-known vegetation index, now widely used for green aboveground biomass estimation in grassland [Wessels et al., 2006; An et al., 2013; Gao et al., 2013; Jin et al., 2014; Xia et al., 2014] , is normalized difference vegetation index (NDVI) [Rouse et al., 1974] . However, the index loses its utility for estimating green aboveground biomass in sparse vegetation canopy situation because of prominent contribution of soil background [Boschetti et al., 2007] . Based on the algorithm of NDVI, Huete [1988] therefore proposed soil-adjusted vegetation index (SAVI) to minimize soil background influence by incorporating a correcting factor. Further evolutions of the SAVI are the modified soil-adjusted vegetation index (MSAVI) [Qi et al., 1994] , optimised soil-adjusted vegetation index (OSAVI) [Rondeaux et al., 1996] , transformed soil-adjusted vegetation index (TSAVI) [Baret et al., 1989] , adjusted transformed soil-adjusted vegetation index (ATSAVI) [Baret and Guyot, 1991] , perpendicular vegetation index (PVI) [Richardson and Wiegand, 1977] , and green-adjusted vegetation index (GSAVI) [Tian et al., 2005] . Among these soil-adjusted vegetation indices, the TSAVI, ATSAVI, and PVI were developed to minimize soil background influence by incorporating the slope and intercept of the soil line, which was established by linear regression of soil reflectance in red-NIR spectral portions. Compared with the soiladjusted SAVI, MSAVI, OSAVI, and GSAVI, the algorithms of TSAVI, ATSAVI, and PVI containing the soil line parameters greatly limit their applications due to the difficulty of obtaining the real soil line [Baret et al., 1993; Fox et al., 2004; Liu et al., 2008] . The contribution of the litter is another prominent barrier to the determination of green aboveground biomass in arid and semiarid grassland, where the litter is a large vegetation component [Van Leeuwen and Huete, 1996; Asner et al., 1998; Guo, 2002; He et al., 2006; Ren and Zhou, 2012] . He et al. [2006] therefore proposed the litter-corrected ATSAVI (L-ATSAVI) to minimize litter influence by incorporating cellulose absorption index (CAI) in the ATSAVI. The CAI was developed by Daughtry et al. [1996] to estimate crop residue coverage based on lignocellulose absorption feature near 2100 nm [Daughtry et al., 2004 [Daughtry et al., , 2005 [Daughtry et al., , 2006 , and was also found effective for estimating litter coverage and litter mass in grassland [Cao et al. 2010; Ren and Zhou, 2012] . Results of He et al. [2006] showed that, the L-ATSAVI improved leaf area index estimation accuracy in a mixed grassland ecosystem by about 10%. As with the ATSAVI, the algorithm of the L-ATSAVI contains the slope and intercept of the soil line, which may limit its applications. Thus, the objectives of our study were to: (1) propose a practical vegetation index (litter-corrected SAVI, L-SAVI), which does not contain the soil line parameters, for estimating green aboveground biomass in arid and semiarid grassland, and (2) compare the performance of L-SAVI with that of litter-soil-adjusted L-ATSAVI, soil-unadjusted NDVI, and soil-adjusted SAVI, MSAVI, OSAVI, TSAVI, ATSAVI, PVI, and GSAVI. To achieve these objectives, green aboveground biomass and spectra measurements were conducted in an desert steppe of Inner Mongolia.
Materials and methods

Study area
Green aboveground biomass and spectra measurements were carried out in the late August 2010 at the Sonid Zuoqi desert steppe ecosystem research station (latitude: 44°05'19"N, longitude: 113°34'20"E, altitude: 972 m) (Fig. 1) . The study site, which has been fenced to prevent grazing and to protect the plant communities from other disturbances, has flat topography and uniform vegetation distribution, and covers a total area of about 50 hectares. The site has arid and semiarid temperate continental climate. According to long-term climate data from a nearest meteorological station (latitude: 43°52'01"N, longitude: 113°37'59"E, altitude: 1037 m) in Sonid Zuoqi, mean annual temperature is 3.1°C, and mean annual precipitation is 185 mm, 60-80% of which occurs during growing season (from May to September). As a typical temperate desert steppe ecosystem on the Mongolia Plateau, the vegetation is dominated by Stipa klemenzii Roshev. The main species are Caragana microphylia Lam., Agropyron desertorum (Fisch.) Schult., Artemisia frigida Willd.Sp.Pl., and Cleistogenes squarrosa(Trin.) Keng. According to United States Department of Agriculture Soil Taxonomy [USDA, 1999] , the soil in our study site is classified as argids (suborder) of aridisols (order). 
Data collection
A total of 38 plots (0.5 m × 0.5 m) were randomly selected for green aboveground biomass and spectra investigation in the study site. The distance between the plots was about tens of meters to a few hundred meters. The plots could represent the study site well in green aboveground biomass due to the spatial homogeneity of the desert steppe ecosystem. Canopy hyperspectral investigations were conducted using an ASD portable spectroradiometer (Analytical Spectral Device, Inc., Boulder, Colorado, USA) and a white standard panel under clear and sunny environments between 11:30 and 14:00 h local time. The spectroradiometer can provide 2151 bands spectral reflectance with a spectral resolution of 1 nm wavelength between 350 nm and 2500 nm. In our study, the spectroradiometer was located at about 1.2 m above ground surface at nadir position with a field of view (FOV) of 25°. Canopy spectrum of each plot was calculated as the average of all thirty replicates. The replicates were done by one after another. The white standard panel was used to normalize the target investigations. After canopy spectra measurements, all living vascular plant and litter within each plot were collected at the ground level using traditional agronomic methods, and then was dried at 65°C for 48 hours. Green aboveground biomass (g m -2 ) and litter mass (g m -2 ) of each plot were calculated by dividing the dry weight of the living vascular plant and litter by the area of the plot.
Vegetation indices
In the present study, similar to the L-ATSAVI, we proposed a litter-adjusted SAVI (L-SAVI) to estimate green aboveground biomass in arid and semiarid grassland by incorporating CAI as a adjustment factor in the SAVI. The logic behind the SAVI was to enable NDVI to be less sensitive to soil background influence. The logic behind the L-SAVI was to enable SAVI to be less sensitive to litter influence. We also compared the performance of L-SAVI with that of soil-unadjusted NDVI, soil-adjusted SAVI, MSAVI, OSAVI, TSAVI, ATSAVI, PVI, and GSAVI, and litter-soil-adjusted L-ATSAVI. These vegetation indices were calculated by the following equation. . where R NIR is mean reflectance at 760-900 nm, R red is mean reflectance at 630-690 nm, R green is mean reflectance at 520-600 nm, R 2000 is mean reflectance at 2000-2050 nm, R 2100 is mean reflectance at 2080-2130 nm, R 2200 is mean reflectance at 2190-2240 nm, L is the adjustment factor, a is the slope of soil line, and b is the intercept of soil line. In our study site, a = 1.0448 and b = 0.0475. In the L-SAVI, we multiplied CAI L times to adjust litter effects. The value of L is different with various proportion of litter, green plant, and soil.
Data analysis
All L-SAVIs were computed with different values of L from -0.5 to 0.5 at an interval of 0.05 to explore the relationships between green aboveground biomass and L-SAVIs in our study site. The optimal L-SAVI was determined by coefficient of determination (R 2 ) from linear regression. In our study, no saturation problem arose in the relationships between vegetation indices and green aboveground biomass due to sparse green vegetation cover. Thus, linear regression analyses were employed to examine the performance of these vegetation indices for green aboveground biomass estimation. The efficiency of models was assessed by R 2 , root mean squared error (RMSE), and relative error (RE). All the analyses were carried out in R statistical language [R Development Core Team, 2012] .
where y i is measured green aboveground biomass of plot i, y i ′ is predicted green aboveground biomass of plot i, n is the number of plots, and y is mean value of green aboveground biomass of all plots.
Results
Statistics of measured biomass and spectral reflectance
As a precursor to the results, the statistics of measured green aboveground biomass and litter mass were performed (Tab. 1). As expected, green aboveground biomass and litter mass showed wider variation among the sampled plots. Green aboveground biomass ranged from 25.2 g m -2 to 110.4 g m -2 with an average of 59.1 g m -2 , while litter mass varied from 21.2 g m -2 to 154 g m -2 with an average of 75.8 g m -2 . The wider variation was planned to make the relationships between green aboveground biomass and vegetation indices as universal and realistic as possible. As shown in Figure 2 , the reflectance spectra collected in our study site did not have the typical pattern of green plant spectrum, namely lower values in the red wavelengths due to chlorophyll absorption and higher values in the NIR wavelengths, attributable to mesophyll scattering. Although the reflectance spectra showed water absorption pits in the shortwaveinfrared (SWIR) wavelengths, the absorption strength was not as strong as that of green plant spectrum. In addition, the differences in reflectance values in the NIR and SWIR wavelengths was much larger than that in the visible wavelengths. Figure 4 . The regression relation was statistically significant at P < 0.001. The R 2 , RMSE, and RE of regression model based on optimal L-SAVI were 0.56, 13.39 g m -2 , and 22.7%, respectively. 
Comparison of optimal L-SAVI with other vegetation indices
A comparative analysis of the performance of these soil-unadjusted, soil-adjusted and litter-soil-adjusted vegetation indices is presented in Table 2 . The regression models were all statistically significant at P < 0.001. Among these vegetation indices, the soil-adjusted GSAVI yielded the lowest estimation accuracy (R 2 = 0.32, RMSE = 16.42 g m -2 , RE = 27.2%) (Fig. 5h) , and did not make any improvements over soil-unadjusted NDVI (R 2 = 0.46, RMSE = 14.66 g m -2 , RE = 24.8%) (Fig. 5a ). Among seven soil-adjusted vegetation indices, the SAVI (Fig. 5b) and OSAVI (Fig. 5d) produced the highest accuracy (R 2 = 0.52, RMSE = 13.9 g m -2 , RE = 23.5%) in our study site. The litter-soil-adjusted L-ATSAVI (Fig. 5i) showed better performance for estimating green aboveground biomass, and yielded higher R 2 (0.54), lower RMSE (13.74 g m -2 ), and lower RE (23.2%) than these soilunadjusted and soil-adjusted vegetation indices. As shown in Table 2 , the L-SAVI appeared the best predictor of green aboveground biomass in our study site. Compared with these published vegetation indices (Fig. 5) , the littersoil-adjusted L-SAVI, established in the present study, effectively improved estimation accuracy of green aboveground biomass (Fig. 4) . The L-SAVI could account for 56% of green aboveground biomass variation, and improved estimation capability by about 2-24% compared with other vegetation indices. 
Discussion
As shown in many studies, accurate estimation of green aboveground biomass using remotely sensed data remains a challenge in arid and semiarid grassland due to sparse green vegetation cover and litter [Svoray and Shoshany, 2003; He et al., 2006; Wessels et al., 2006; Beeri et al., 2007] . Based on our field observations, green vegetation cover in our study site was less than 30%, and mean value of litter mass in all sampling plots was 75.8 g m -2 , while mean value of green aboveground biomass was 59. in a large-scale field campaign in the desert steppe of Sonid Zuoqi and Sonid Youqi. As showed in other studies [Guo, 2002] , the effect of litter often controlled the total fraction of aboveground biomass in a semiarid mixed grassland. Surely, the spectral response used for green vegetation characterization in arid and semiarid grassland is strongly influenced by litter and soil background. As shown in Figure 2 , the red absorption portion, NIR reflectance portion, and water absorption portions observed in our study site were not as strong as those of typical green plants [Zhao, 2003] . We attributed this mostly to that, the spectral signals from green vegetation were much weaker than those from litter and soil background. Therefore, the spectral signals of litter and soil background and their variations must be emphatically considered for green aboveground biomass estimation using remotely sensed data in arid and semiarid grassland [Elvidge and Lyon, 1985; Huete et al., 1985; Qi and Wallace, 2002; Montandon and Small, 2008] .
To reduce or remove soil background influence in sparse green vegetation cover situation, substantial studies have been conducted to improve soil-unadjusted vegetation indices and to develop soil-adjusted vegetation indices [Richardson and Wiegand, 1977; Huete, 1988; Baret et al., 1989; Baret and Guyot, 1991; Qi et al., 1994; Rondeaux et al., 1996] . As shown in Table 2 , these soil-adjusted vegetation indices, except the GSAVI, yielded better performance than the soil-unadjusted NDVI for green aboveground biomass estimation in our study site. The poor performance of GSAVI probably due to much higher reflectance in green reflectance portion (Fig. 2) and much lower reflectance in NIR reflectance portion in our study site compared with that of green plant [Zhao, 2003] . In comparison, the combined influences of soil background and litter, which may result in poor estimation of green aboveground biomass in arid and semiarid grassland, have received relatively little attention. Only very few studies have been conducted to reduce or remove the influences. For example, He et al. [2006] developed the L-ATSAVI to minimize soil background and litter influences in a semiarid mixed grassland. As expected, the L-ATSAVI had better estimation than other soil-unadjusted and soil-adjusted vegetation indices (Tab. 2 and Fig. 5) . Nevertheless, the algorithm of L-ATSAVI contains the soil line parameters, which may limit its popularization and application. Therefore, in this present study, a practical litter-soil-adjusted L-SAVI, which does not contain the soil line parameters, was proposed to estimate green aboveground biomass in arid and semiarid grassland. As shown in Table 2 , Figure 4 , and Figure 5 , the L-SAVI provided some improvements over these soil-unadjusted and soil-adjusted vegetation indices for green aboveground biomass estimation in the desert steppe of Inner Mongolia. This was what we expected because of low green vegetation cover and a large amount of litter mass in our study site. Compared with the L-ATSAVI, the L-SAVI gave slightly better estimation of green aboveground biomass. Nevertheless, the L-SAVI is not build upon the slope and intercept of the soil line and valuable for application and generalization.
Conclusions
In this present study, a new litter-soil-adjusted vegetation index (L-SAVI) was proposed to estimate green aboveground biomass in arid and semiarid grassland, where the accurate estimation of green aboveground biomass is still a challenge due to the influences of soil background and litter. The L-SAVI was computed by incorporating CAI as a litter adjustment factor in the SAVI. The new method is a practical predictor for complementing existing soil-unadjusted/-adjusted and litter-soil-adjusted vegetation indices on estimation of aboveground green biomass in arid and semiarid grassland. Moreover, the algorithm of L-SAVI does not contain the soil line parameters, which may greatly provide an easy option for its applications.
Compared with the pixel size of airborne hyperspectral data (for example, Hyperion with a pixel size of 30 m × 30 m; AVIRIS with a pixel size of 20 m × 20 m), the measured area of field hyperspectral data was much small in our study. The spectral resolutions (for example, Hyperion and AVIRIS with a spectral resolution of 10 nm) and atmospheric conditions of the airborne hyperspectral data were also different from the plot-scale, field hyperspectral measurement in our study. Therefore, further studies need to be carried out to examine the efficacy of the L-SAVI using airborne hyperspectral remotely sensed data. Green aboveground biomass estimation in our study might be time-or site-specific, and the L-SAVI needs to be further examined with additional green aboveground biomass measurements from other regions/sites and radiative transfer models. In addition, the efficacy of this new index for estimating other green plant parameters such as chlorophyll content and leaf area index in arid and semiarid grassland also needs to be established, which is important work we will do.
